The cyanobacterium semi-filamentous multicellular strain ABRG5-3 undergoes cell lysis as a unique feature that occurs due to growth condition changes from normal cultivation with shaking to static cultivation without shaking in liquid culture (Nishizawa et al., 2010) . Microscopic observation and energy dispersive X-ray spectrometer (EDX) analysis have revealed that lysis is involved in the accumulation of polyphosphate compounds and the disintegration of thylakoid membranes in cells. Static cultivation, dark or red light exposure, and temperature (22 to 42 C) conditions were found to be effective factors for the induction of lysis. Moreover, stress induced by salts, osmotic pressure with sucrose, and the depletion of nitrogen or phosphate in cultures also induced ABRG5-3 cell lysis. Based on these results, we discuss lysis and its utilization in the biotechnology industry.
Cyanobacteria are photosynthesizing Gram-negative prokaryotes that produce oxygen. The biological history of cyanobacteria is old as they first appeared about three billion years ago. Photosynthesizing cyanobacteria have been isolated from aquatic environments in most parts of the world. 1) Cyanobacteria include various unicellular, filamentous, freshwater, marine, thermostable, and drought-resistant species, and affect ecosystems involving cycles of carbon, nitrogen, phosphate, sulfur, and the emission of oxygen.
2) Some cyanobacteria are capable of fixing nitrogen and of producing hydrogen and oil. Cyanobacteria have also been recognized as sources of numerous natural products. 3, 4) These products are structurally interesting bioactive compounds, including toxins, antibiotics, and siderophores. Thousands of cyanobacterial species have been isolated to date, and more than 60 cyanobacterial genomic sequences have been decoded. Natural variations in cyanobacteria make them a candidate for a biological catalog. We have isolated cyanobacteria from many locations and characterized them, with a focus on the structures and functions of genes and transcription factors. [3] [4] [5] Filamentous cyanobacteria are subdivided into a nitrogen-fixing group that includes the order Nostocales (including the genera Anabaena, Nodularia, and Nostoc) and a non-nitrogen-fixing group including the order Oscillatoriales (including the genera Spirulina, Oscillatoria, Pseudanabaena, and Limnothrix).
6,7) Although some Limnothrix and Pseudanabaena strains have been isolated from freshwater, blackish water, and seawater areas, [8] [9] [10] [11] their numbers are limited and few biological analyses have been conducted to date. The cyanobacterium semi-filamentous multicellular strain ABRG5-3 was isolated from a freshwater area in Japan, and its unique nature has been characterized. 12, 13) This axenic strain formed colonies and was motile on an agarose plate. The 16S rRNA gene of ABRG5-3 exhibited similarities to those of the Limnothrix and Pseudanabaena strains, which are filamentous and nonheterocystous cyanobacteria. Transformable ABRG5-3 cells grew well without autolysis under normal cultivation conditions, whereas lysis occurred due to growth condition changes from normal cultivation with shaking to static cultivation without shaking in liquid culture, which resulted in oozing and a natural separation of photosynthesis pigments including chlorophyll a and phycocyanin in the supernatant of the lysed cells.
Because very few studies have investigated the lysis of cyanobacteria, a characterization of new species of filamentous cyanobacterium Limnothrix/Pseudanabaena ABRG5-3 cells exhibiting lysis is needed. Here we describe ABRG5-3 cell lysis. Factors inducing of autolysis and stress-induced cell lysis were individually verified in this study. We also discuss the biotechnology industry as to the use of this controllable lysis as an efficient overproduction and recovery system for highvalue added materials made by CO 2 -fixing during photosynthesis.
Materials and Methods
Cultivation of cyanobacterial strains. The isolated Limnothrix/ Pseudanabaena sp. strain ABRG5-3 was grown in BG11 and in CB y To whom correspondence should be addressed. Tel/Fax: +81-29-888-8651; E-mail: asam@mx.ibaraki.ac.jp Abbreviations: DAPI, 4
0 ,6-diamidino-2-phenylindole; EDX, energy dispersive X-ray spectrometer; SEM, scanning electron microscope; TEM, transmission electron microscope medium 14, 15) under continuous cool white light illumination (35 and 100 mmol of photons m À2 s À1 ) at 30 C with shaking (110 rpm) in Erlenmeyer flasks (50 mL of medium in a 100 mL flask) and growth condition changes from normal cultivation with shaking to static cultivation without shaking in BG11 liquid culture for the induction of autolysis. Irradiation (35 mmol of photons m À2 s À1 ) with red (660 nm) and with blue (470 nm) light was done using LED panels (30 cm Â 30 cm, LED-R and LED-B: Eyela, Tokyo). Details of the respective experimental conditions are described in the figure legends.
Microscopic observation. Morphological observation of cells was done with the optical photomicroscope BX53/DP72 (Olympus, Tokyo) at high resolution with a Nomarski prism (optics, differential interference contrast) and a fluorescence microscope, BX53/DP72, fitted with a special cube, U-FUW (Olympus). Fluorescence emitted from cells stained with DAPI (0.36 mM, Wako, Tokyo) was detected using the U-FUW cube with excitation (340 to 390 nm) and emission (420) filters. Cells stained with toluidine blue (0.82 mM, WaldeckWako Ltd., Tokyo) were also subjected to microscopic observation under the photomicroscope. Images were processed with software Viewfinder Lite (Olympus).
SEM and TEM. Cells harvested from the liquid culture were fixed with reagents, 2% formaldehyde (PFA) þ 2% glutaraldehyde (GA) in 0.1 M phosphate butter (pH 7.2) for prefixation, and 2% osmium tetraoxide in 0.1 M phosphate buffer for postfixation, and then subjected to scanning electron microscope (SEM) (S-800S: Hitachi Ltd., Tokyo) observation with a freeze-drying method with t-butyl alcohol. 16, 17) Cells were harvested and fixed with reagents, 2% PFA þ 2% GA in 0.05 M cacodylate butter (pH 7.2) for prefixation, and 2% osmium tetraoxide in 0.1 M cacodylate butter for postfixation. The resulting cells stained with uranyl acetate and lead solution were subjected to transmission electron microscope (TEM) (JEM-1200EX: Jeol, Tokyo) observation by an ultrathin sectioning method. 17, 18) EDX analysis. Cells were harvested from the liquid culture, frozen rapidly with liquid propane (À175 C), followed by freeze substitution with acetone and 3% distilled water. The cells were stained with lead solution (without uranyl acetate) and subjected to TEM (JEM-2010: Jeol, Tokyo) observation by the ultrathin sectioning method. Following TEM observation, spots on a base support analyzed with an energy dispersive X-ray spectrometer system (Noran Voyager III: Noran Instruments, Middletown). 19) Absorption spectra. Cell cultures were subjected directly to scanning by a spectrophotometer (Multiskan Go, Thermo Fisher, Tokyo).
12)

Results
Morphological observation of cyanobacterium ABRG5-3
The semi-filamentous cyanobacterium Limnothrix/ Pseudanabaena sp. strain ABRG5-3 belongs to a nonnitrogen-fixing group the order Oscillatoriales. This order consists of the genera Spirulina, the cells of which are spiral in shape, Limnothrix and Pseudanabaena, the cells of which have an almost linear semi-filamentous shape and can undergo cell division, and Planktothrix and Phormidium, the cells of which have a filamentous shape with tip cells that do not undergo cell division. 7) Although morphological observation of ABRG5-3 cells were done with a photomicroscope in our previous studies, further observations were conducted with an electron microscope in this study. The results of SEM observation are shown in Fig. 1 . A semi-filamentous unit consisting of several to scores of cells had an almost linear shape, and the cell surface was smooth under normal physiological growth conditions (14 d) in BG11 liquid culture. Each cell had an ellipse shape, and could take a septum, which indicates that all the cells could undergo cell division (Supplemental Fig. S1 , see Biosci. Biotechnol. Biochem. Web site). Cells under the conditions shown in Fig. 1 were subjected to TEM observation, and the results are shown in Fig. 2 (top) . The ABRG5-3 cells contained a cell wall, a cell membrane, and multiple overlying thylakoid membranes in seven or eight membrane layers in the cytoplasm (Supplemental Fig. S2 ). We observed carboxysomes, bacterial microcompartments that contain enzymes involved in carbon fixation, in an area inside the thylakoid membranes. 7) We also found small black particles in areas of focal adhesion and the cytoplasm. More of these small black particles were observed when cells were treated with phosphate buffer instead of cacodylate butter (see ''Materials and Methods'') for TEM observation (data not shown). This phenomenon indicates that phosphate compounds reacted with materials in the cells, resulting in small black particles stained with uranyl acetate.
The process of ABRG5-3 lysis Cell lysis has been found to occur gradually (>50% cells) within several days when ABRG5-3 cells are first subjected to liquid culture for cell growth and the accumulation of products and then exposed to static (standing) cultivation under bench-work conditions for autolysis. 12, 13) Under these conditions, lysis was also observed with TEM. Just before lysis, we observed large numbers of black particles stained with uranyl acetate around the tip and focal adhesion areas in these cells (Fig. 2, middle) . At that time, vulnerability and partial collapse of the thylakoide membranes was also observed. Following lysis, most of the cell structure was out of shape due to the disappearance of membranes (Fig. 2, bottom) . Two large black particles, which may have been inorganic polyphosphates known to participate in many regulatory mechanisms in bacteria, were observed inside the cell. 12) Cells were fixed with reagents (see ''Materials and Methods''), and were then subjected to SEM observation (Â10,000) by a freeze-drying method with t-butyl alcohol. The acceleration voltage was 10 kV. The bar indicates 10 mm.
Accumulation of particulate matter in cells prior to lysis
How does cell lysis take place and what is the trigger? To elucidate the mechanisms, we attempted to record the sequence of lysis. Sequence photographs are shown in Fig. 3 . Immediately prior to the initiation of lysis (Fig. 3A) , filamentous cells gradually came apart, and then broke up. At that point, two large particles were observed in each lysing cell, the tip of which appeared to be hollow (Fig. 3B, panel 1) . The contents of the cell then oozed from the hollow area in the tip (Fig. 3B , panels 2 to 4). This type of lysis has been referred to as the eruption type. This indicates that the structures at the tip of the cell are associated with lysis. This prompted us to conduct further morphological observation of the cell structure, contents and cell adhesion.
The results of these observations are shown in Fig. 4 . When viable cells (approximately 2 to 3 weeks of cultivation) were prepared as samples for interphase, large black particles, which may have been inorganic polyphosphates, were again observed at the tips of the cells (Fig. 4, top) . We also observed small black high density particles in the focal adhesion areas. These results do not contradict those shown in Figs. 2 and 3. We also observed an accumulation of white particles, Top, Viable cells were prepared as shown in Fig. 1 , and fixed with reagents (see ''Materials and Methods''). The resulting cells were subjected to TEM observation (Â18,400) by the ultrathin sectioning method. The acceleration voltage was 80 kV. The bar indicates 2 mm. Middle, Early stationary cells under continuous shaking conditions were prepared and subjected to static cultivation under bench-work conditions, for 12 h to achieve a stage just before autolysis. 12, 13) The resulting cells were fixed with the reagents named above, and then subjected to TEM observation (Â9,690) by the ultrathin sectioning method. The acceleration voltage was 80 kV. The bar indicates 4 mm. Bottom, Autolysed cells were prepared under static cultivation under bench-work conditions following the shaking condition described in previous reports. 12, 13) The cells were fixed by the procedure described above, and then subjected to TEM observation (Â18,400) at the same acceleration voltage. The bar indicates 1 mm. which did not stain with uranyl acetate in TEM at the tip of the cell. To confirm that particulate matter accumulated in these cells, the cells shown in Fig. 4 (top) were stained with DAPI or toluidine blue (Fig. 4 , middle). When DAPI was used for staining, a blue fluorescent area, originating from genomic DNA (or other chemical components), at the cell adhesion area, or yellow particles, due to polyphosphates in the cell, were observed (Fig. 4 , middle, left). We reconfirmed that this chemical matter is associated with genomic DNA or the polyphosphates stained with toluidine blue (TB) (Fig. 4 , middle, right). On the other hand, no marked accumulation of polyphosphates or particulate matter was observed around the tip or focal adhesion areas, and genomic DNA was located in a central site in the young viable cells (about 1 to 2 weeks of cultivation with shaking) stained with DAPI (Fig. 4 , bottom, left) and TB (Fig. 4 , bottom, right). These results strongly indicate that particulate matter gradually accumulated in the cells prior to lysis.
Particulate matter stained with uranyl acetate and with DAPI
We examined cells just before lysis, in which cells were cultivated as shown in Fig. 2 (middle panel) , but in darkness under static conditions (Fig. 5) . Several kinds of particles were observed in the cells stained with uranyl acetate and subjected to TEM by the procedure shown in Fig. 2 . The various spots refer to those in Fig. 6 (EDX spectrum), shown as hatched circles in A, B, C, and D, which correspond to the areas of inorganic polyphosphates, carboxysomes, possible high-density phosphate compounds, and extracellular space respectively. Polyphosphates (A) clearly accumulated in the cells at this stage and stained well with uranyl acetate as large black particles (0.1 to 0.15 mm). These polyphosphates and genomic DNA were also observed when cells were stained with DAPI (inset photograph) by the procedure shown in Top, Old viable (late exponential phase) cells grown for 2 to 3 weeks were prepared as shown in Fig. 1 , and then fixed with the reagents described in Fig. 2 . The result was subjected to TEM observation (Â59,600) by the ultrathin sectioning method. The acceleration voltage was 80 kV. The bar indicates 0.5 mm. Middle, Cells in the growth phases shown in the top window were subjected to observation (Â1,000) by fluorescence microscope of cells stained with 4 0 ,6-diamidino-2-phenylindole (DAPI, left) or by optical photomicroscope for cells stained with toluidine blue (TB, right). Bottom, Young viable (exponential phase) cells stained with DAPI and TB were also subjected to observation as control samples. Top, TEM observation of cells just before autolysis. Early stationary cells under the continuously shaken condition were prepared and subjected to static cultivation under darkness for 6 h to reach a condition just before autolysis. The resulting cells were fixed with the reagents described in the legend to were observed as gray particles that expanded in the inner space of the cells. Small but high-density compounds (C) that stained well with uranyl acetate were also observed. These compounds (C) may have different structures from those of the polyphosphates (A). This is discussed below. The cell stage just before lysis contained particles that accumulated polyphosphates and other components, as shown in Fig. 5 .
EDX analysis of particles accumulating in cells prior to lysis
The results shown in Fig. 5 led us to conduct EDX analysis on particles accumulating in the cells. Energydispersive X-ray spectroscopy (EDS, EDX, and XEDS) is used for the elemental analysis and chemical characterization of samples. It is based on the interaction between a source of X-ray excitation and the sample. Its characterization capabilities are largely due to the fundamental principle that each element has an atomic structure causing a unique set of peaks on its X-ray spectrum. Cells at the stage just before lysis were prepared under the situations shown in Fig. 5 (top) . At this stage, the structures of the thylakoid membranes collapsed, whereas those of the cell wall and/or cytoplasmic membrane were retained. We stained these cells with lead solution only, not with uranyl acetate, because uranium prevents the resolution of EDX analysis (Fig. 6 ). The respective spots of A, B, C, and D in Fig. 6 (Top) were compatible to those in Fig. 5 , and the results of the EDX analysis are shown in Fig. 6 (Bottom), in which the result in each panel was derived from particles in the various spots shown in Fig. 6 (Top). Large black particles (spot A) stained with uranyl acetate, as shown in Fig. 5 (Top) , changed to spots of white spaces on colored backgrounds, which indicates that they stained well with uranyl acetate. The results in panel A indicate that the matter in spot A contained the phosphate atom, which strongly suggests that it is a polyphosphate. This does not contradict the results shown in the morphological observation with the DAPI and TB stains (Figs. 2 to 5) . The results shown in panel B indicate that the matter in spot B is a carboxysome and its peak pattern on EDX analysis was almost the same as that in panel D, as negative control. The small black particles (spot C) shown in Fig. 5 (top) stained well with the lead solution (without uranyl acetate), and strong intensity was observed for the peak signal of the phosphate atom in panel C, which suggests that these particles were phosphate compounds. Based on these results, we reconfirmed that polyphosphates, other phosphate compounds, and carboxysomes accumulated in the cell stage just before autolysis, this has been referred to as the eruption type.
Factors for the effective induction of lysis
It is important to elucidate the mechanisms of lysis and its control because it is convenient for easy recovery of overproduced value-added materials from ABRG5-3 cells without cell destruction and centrifugation. 13) After we partially clarified the mechanism of lysis (Figs. 2 to  6 ), we investigated the factors that effectively induced lysis. Since previous experiments for the induction of autolysis were conducted under bench-work conditions, in which light intensity (or quality) and temperature were simultaneously changed under static cultivation conditions, 12, 13) these factors were individually tested in this study. The results are shown in Fig. 7 . ABRG5-3 cells were grown in the exponential phase at 30 C under liquid BG11 culture conditions with continuous rotary shaking and white-light irradiation. After 12 d, each of the samples was grown under different culture conditions of incubation (static or shaking), light (dark, red, blue, or white), and temperature (4, 22, 30, or 42 C). The absorbance of the liquid culture was measured as an index of lysis, because when lysis occurred, the absorbance value decreased.
12,13) Stress factors appeared to have an impact on lysis, and they are summarized in Fig. 8 . The static condition, which occurred halfway through cultivation, was previously found to be competitive with the lysis rate with a value 1.6 times higher than that of the standard condition (Â1, see details in the legends to Figs. 7 and 8) . 12, 13) Irradiation with red light or dark combined with the static condition had marked effects on lysis, at values 4.8 or 26 times higher than those of the standard respectively. The effect under a high temperature, of 42 C, had a much higher value (34 times) than that at 30 C, the standard. These results clearly indicate that the static, dark or red light, and high temperature conditions, or a combination of them, had synergistic effects on ABRG5-3 cell lysis. Microscopic observation was also conducted on cells grown under static conditions of 30 C/red light, 30 C/dark, and 42 C/dark (Fig. 8, insets) . The eruption type of lysis (Fig. 3) was also observed under static conditions of 30 C/dark and 42 C/dark. Most cells came apart within 1 d under the static condition at 42 C/dark, but a different intergrade type of lysis between the eruption and skeleton types (described below) may have occurred under the static condition at 30 C/red light.
Definition of cell lysis
Environmental stresses and regulation systems for stress responses have been reported for cyanobacteria. 20) It is generally accepted that cold shock leads to responses similar to those observed for cells exposed to salt stress or osmotic pressure. Heat shock induces oxidative stress. Changes in light intensity and quality have been found to influence photosynthesis (and carbon fixation), which relates to the auxotrophy of nitrogen and phosphate resources in the media. Although all factors causing changes during cultivation may represent a stress to cells, in order to distinguish differences between the autolysis (Figs. 1 to 8 ) and general cell lysis (Figs. 9 to 12 ) observed here, we defined ''autolysis'' as follows: Autolysis is cellular destruction with lysis of the membranes (cell wall, cytoplasmic membrane, and thylakoid membrane), in which these effects (or direct stimuli) occur independently by phage infection, drug treatment, enzyme treatment, high salt concentrations, hyperosmosis, or changes in the composition of the medium (e.g. the addition or removal of a nitrogen resource from it). Thus, the phenomenon of cell lysis involves autolysis.
Effects of salt stress and osmotic pressure cell lysis Although effective factors for the induction of autolysis were found, as mentioned above, it is important to clarify other effective factors for cell lysis. Hence, we examined the effect of salt stress on ABRG5-3 cell lysis. The results are shown in Fig. 9 . When sodium chloride at a final concentration of 80 mM was added to the medium, the absorbance values of cell turbidity gradually decreased, which indicates that cell lysis occurred (Fig. 9A) . We also confirmed cell lysis by microscopic observation (data not shown). This phenomenon was marked in ABRG5-3 cells under a range of concentrations from 80 to 200 mM (Fig. 9B, Top) . On the other hand, Synechocystis sp. PCC6803 and Anabaena sp. PCC7120 did not show lysis under the same conditions (Fig. 9B, middle and bottom) . These findings indicate that the ABRG5-3 cells were more sensitive to salt stress than the PCC6803 or PCC7120 cells.
We also examined the effects of osmotic pressure on ABRG5-3 cell lysis under the white-light condition (Fig. 10) . Even the addition of 20 mM sucrose to the medium decreased ABRG5-3 cell turbidity, which suggests that osmotic pressure had an effect on ABRG5-3 cell lysis. The type of cell lysis shown in Figs. 9 and 10 may not be the eruption type of autolysis (Fig. 3) , but a different skeleton body type (described below).
Effects of nitrogen and phosphate depletion on cell growth and cell lysis
We also examined the effects of nitrogen and phosphate resource depletion on the growth and lysis of cells. When cells were cultivated in BG11 0 medium (ÀN, no NaNO 3 was in BG11 medium) under static cultivation (the starting day for static cultivation following shaking incubation is shown as day 0), the absorbance of cell turbidity was almost the same as that of the cells cultivated in BG11 medium at 6-9 d. Then it decreased and reached a minimum value after 21 d (Fig. 11A) . Cells on the 21st d were subjected to microscopic observation, and those exposed to nitrogen starvation exhibited cell lysis (Fig. 11B) .
We also examined the effects of phosphate depletion on cultivation (Fig. 12) . Cell turbidity decreased markedly at 6 to 9 d, and reached a minimum after 21 d when the cells were cultivated in BG11 medium, in which a Â1/10 phosphate resource (K 2 HPO 4 ) was provided (þ1/10P, Fig. 12A ). Under these conditions (þ1/10P), cells were subjected to microscopic observation after 6 d (Fig. 12B) . They underwent lysis and the number of cells decreased, but the type of cell lysis shown in Fig. 11 and 12 might not be the eruption type of autolysis (Fig. 3) , but a different skeleton body type. This interesting phenomenon is discussed below.
Discussion
ABRG5-3 cell autolysis
There are two types of cell lysis. One is the autolysis defined above (Figs. 2 to 8) , and the other is stressinduced lysis (Figs. 9 to 12 ). ABRG5-3 autolysis is a unique process that results in complete lysis without cell debris, the cell culture eventually exhibiting a clear yellow color as lysis progresses (data not shown). When lysis began, the contents of the cell oozed from a hollow at the tip, and this is referred to as the eruption type (Fig. 3) . On the other hand, stress-induced lysis was assigned to the skeleton body type, in which cytoplasmic contents may ooze from the cell surface. This indicates that the decay schemes involving the destruction of membranes differ in the various cases. Although autolysis occurs when cells are exposed to a growth condition change from normal cultivation with shaking to static cultivation, the cells exhibited no autolysis and a high growth rate for at least 1 month when cultivation was maintained under continuous shaking conditions (Fig. 7) . This also indicates that environmental changes in cultivation triggered autolysis.
Accumulation of particulate matter in cells prior to lysis
What is the cause of autolysis? We suggest that it depends on the deformation of membranes due to the accumulation of particulate matter, e.g., inorganic polyphosphates or phosphate compounds, in cells (Fig. 6) . The polyphosphates stained well with uranyl acetate, but not with lead solution (Figs. 5 and 6 spot A) . On the other hand, phosphate compounds stained with both uranyl acetate and the lead solution (Figs. 5 and 6 spot C). These results indicate that such particulate matter can exist as different compounds of different chemical components in cells, and that accumulated matter can take up the slack as to adhesive strength of a cell-to-cell interaction (Figs. 3 to 5 ). Many small black particles, which may have been calcium-phosphate complexes, were observed in cells when the phosphate buffer for TEM was used (data not shown). Hence, we used the cacodylate buffer for TEM. The sensitivity of phosphate compounds in the TEM observation also appeared to be a unique feature, mentioned above for ABRG5-3. In this study, we identified other particulate matter that was not stained by uranyl acetate or the lead solution, which accumulated at the cell tip (Fig. 5 , bottom panel, area marked by an arrow). Although this unknown particulate matter appears to have stained well with DAPI (Figs. 4 and 5) , we could not identify it. Inorganic polyphosphates occur in all kingdoms of organisms and play many regulatory roles on both the genetic and the enzymatic level. 21, 22) For example, they were found to participate in the induction of RpoS, an RNA polymerase subunit as a group 2-type sigma factor, which is responsible for expression of the genes involved in adjustment to the stationary growth phase and many stressful agents. 23) Several group 2-type sigma factors are present in cyanobacteria, and contribute to the regulation of gene expression. 4, 5, 18, 24) Although polyphosphates have been found to play roles in cell survival in the stationary growth phase and autolysis, excessive accumulation of phosphate compounds can lead to autolysis associated with the collapse of membranes. This phenomenon might appear to be similar to programmed cell death with necrosis.
Are there other possibilities as to ABRG5-3 cell lysis? A cyanophage can infect the toxic Microcystis aeruginosa NIES298, and virus-mediated host cell lysis was found to occur.
25) The possibility of cyanophagemediated lysis for ABRG5-3 is low at this stage, because cell lysis did not occur with the addition of cleared lysate prepared from autolysed 5-3 cells to the fresh cell culture (data not shown). ABRG5-3 cell lysis was not induced by mitomycin C either. This is a reagent for phage induction (data not shown). The possibility of gene expression of lytic enzymes in ABRG5-3 cells remains. These lytic enzymes might involve lysozyme, peptidase, and amydase types, which act to autolyse the cell wall. Genome sequencing of ABRG5-3 might identify the genes encoding these enzymes.
Factors for effective induction of autolysis and lysis Darkness or red light, temperature 22 to 42 C, and a shift from shaking to static cultivation were found to be efficient in inducing autolysis in this study. Moreover, a combination of these three factors had a synergistic effect on autolysis (Figs. 7 and 8) . Darkness was efficient for autolysis. It caused a malfunction in photosynthesis, resulting in frail thylakoid membranes in the ABRG5-3 cells (Figs. 5 and 6 ). Red-light irradiation at a wavelength of 660 nm was more effective in inducing autolysis than blue light at 470 nm in this study. Phycobilins are chromophores (light-capturing molecules) found in cyanobacteria and the chloroplasts of red algae, glaucophytes, and some cryptomonads (though not in green algae or higher plants). They are unique among photosynthetic pigments in that they are bonded to certain water-soluble proteins, known as phycobiliproteins. Phycobiliproteins then pass light energy to chlorophylls for photosynthesis. Phycobilins are especially efficient at absorbing red, orange, yellow, and green light, wavelengths that are not absorbed well by chlorophyll a. The input system and signal transduction for red light might be linked to photosynthesis, the maintenance of cell structure, and the autolysis of ABRG5-3 (Fig. 8) .
On the other hand, certain efficient factors (salt stress, osmotic pressure, and nitrogen/phosphate depletion) for cell lysis were also observed in this study (Figs. 9 to 12 ). Sensitivity to salt stress for lysis was expected, because Limnothrix/Pseudanabaena sp. ABRG5-3 cells were isolated from a fresh water source, which suggests a classification of filamentous Limnothrix/Pseudanabaena species into cyanobacteria isolated from fresh water. In addition, we examined the time lag between the start of nitrogen depletion and the beginning of cell lysis (Fig. 11) . High value-added products (e.g., carbohydrates, fatty acids, triacylglycerols, and hydrogen) have been found to accumulate occasionally under nitrogen (phosphate or sulfur)-limited culture conditions in microalgae. [26] [27] [28] Although nitrogen depletion can even-tually cause the inactivation of nitrogen metabolism by de novo protein synthesis and ABRG5-3 cell lysis, the time lag of approximately 10 d until cell lysis begins can be useful in the production or accumulation of value-added materials in cyanobacteria. Phosphate is an essential resource for cell growth (Supplemental Fig. S3 ), but excess amounts of phosphate accumulating in the cell caused autolysis (Figs. 2 to 6 ). Phosphate depletion led the cell to cease chlorophyll a accumulation (peaks in absorption spectra at around 432 and 665 nm) and death in ABRG5-3 (ÀP, Supplemental Fig. S3 ). When ABRG5-3 cells were cultivated in the BG11 1=10P culture (þ1/10P, at one-tenth the density of K 2 HPO 4 ), a decline in the accumulation of chlorophyll a also occurred, and this resulted in cell lysis of the skeleton body type (Fig. 12 and Supplemental S3), in which no marked accumulation of polyphosphate was observed in cells stained with DAPI. This suggests that this type of lysis depends on the structural vulnerability of membranes. Elucidation of the mechanisms of nitrogen/ phosphate metabolic systems in gene expression is anticipated in future studies of ABRG5-3 cells. Some studies have found stress-induced lysis and growth inhibition with volatile organic compounds, urea, and L-lysine in cyanobacteria. [29] [30] [31] Taken together, these findings are also important for the control of cell lysis in cells.
Lysis useful for easy recovery of target products ABRG5-3 lysis might be useful for easy recovery of target products from the supernatants of cell cultures, because extraction costs involving centrifugation and cell disruption with supersonic wave crush or the addition of biodegradable detergents, have a large impact in the biotechnology industry. Hence, a combination system with transformable ABRG5-3 cells and controllable autolysis of them (cell lysis) represents a novel possibility for the efficient overproduction and easy recovery of target gene products. For example, cells transformed by gene manipulations might be a good source for the overproduction of biofuels under nitrogen limited conditions and for the easy recovery of biofuels from extracts in lysed cells. The conditions for the efficient induction of lysisidentified in this study might provide an advantage in the control of cell lysis. In addition, the non-genetically engineered ABRG5-3 strain as a natural alga may also prove a good biomass in a broad area for value-added pigments (e.g., phycocyanin), foodstuffs, and animal feed. We are now investigating these possibilities.
